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Chemotherapeutic  treatment  of  Plasmodium 
falciparum  malaria  has  relied  heavily  on  the 
quinoline-containing  drugs  quinine,  chloro- 
quine,  mefloquine  and  halofantrine  (Foote 
and  Cowman,  1994;  Foley  and  Tilley, 
1998).  These  drugs  have  similar  structures 
and  are  thought  to  act  by  inhibiting  the 
polymerization  of  the  toxic  haem  that  is  gen¬ 
erated  as  the  parasite  breaks  down  haemo¬ 
globin  derived  from  the  host’s  erythrocytes 
(Slater  and  Cerami,  1992;  Foley,  1995; 
Dorn  et  al.,  1998). 

In  some  cases,  resistance  to  these  com¬ 
pounds  may  be  a  result  of  a  multi-drug- 
resistance  (MDR)  mechanism  involving 
the  P-glycoprotein  ATP-binding-cassette 
(ABC)  transporters.  Some  strains  of  parasite 
exhibit  cross-resistance  to  drugs  such  as 
quinine,  mefloquine  and  halofantrine 
(Cowman  et  al.,  1994;  Peel  et  al.,  1994),  and 
some  resistant  strains  exhibit  amplification 
of  the  P.  falciparum  mdr  homologue  PfMDRl 
(Foote  et  al.,  1989;  Wilson  et  al.,  1993). 
Other  lines  of  evidence  indicate,  however, 
that  a  genetic  locus  other  than  PfMDRl  is 
important  for  mediating  chloroquine  resis¬ 
tance.  Data  from  the  Wellems  laboratory 
strongly  indicate  an  association  between 
chloroquine  resistance  and  the  gene  PfCRT 
from  a  region  of  chromosome  7;  this  region 
was  originally  identified  in  a  cross  between 
sensitive  and  resistant  clones  of  P.  falciparum 
(Wellems  et  al.,  1991;  Fidock  et  al.,  2000). 
On  the  other  hand,  a  link  between  meflo¬ 
quine  resistance  and  PfMDRl  is  supported 
by  the  fact  that  mefloquine-resistant  field 
isolates  and  resistant  laboratory  strains 
contain  amplified  FfMDRl  (Volkman  et  al., 
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1993;  Wilson  et  al.,  1993).  Finally,  gene- 
replacement  analysis  of  PfMDRl  has 
demonstrated  a  central  role  for  this  gene 
product  in  mefloquine,  quinine  and  halo¬ 
fantrine  resistance,  and  a  contributory  role 
in  chloroquine  resistance  (Reed  et  al.,  2000). 

The  contribution  of  ABC  transporters 
to  chloroquine  and  mefloquine  resistance 
in  P.  falciparum  is  further  supported  by  the 
reversal  phenomenon  observed  when  these 
drugs  are  combined  with  agents  such  as 
verapamil  or  penfluridol,  resulting  in  a  sen¬ 
sitive  phenotype.  Hundreds  of  compounds 
have  been  identified  that  can  reverse 
mammalian  MDR,  and  the  results  of  several 
studies  show  that  these  compounds  have 
similar  activity  in  Plasmodium  (Oduola  et  al., 
1998;  Sowunmi  etal.,  1998). 

The  difficulty  of  manipulating  P.  falci¬ 
parum  experimentally  makes  the  use  of 
heterologous  systems,  for  the  investigation 
of  parasite  genes  and  their  homologues, 
attractive.  Systems  based  on  the  yeast 
Saccharomyces  cerevisiae  have  the  advantages 
of  mutant  strains  that  are  readily  available 
and  ease  of  handling.  In  S.  cerevisiae,  MDR 
is  referred  to  as  pleiotropic  drug  resistance 
(PDR)  and  is  associated  with  a  number 
of  P-glycoprotein  homologues.  The  project 
to  sequence  the  entire  S.  cerevisiae  genome 
revealed  30  ABC  genes  that  have  been 
classified  into  six  distinct  subfamilies  based 
on  the  results  of  phylogenetic  analysis 
(Decottignies  and  Goffeau,  1997;  Kuchler 
and  Egner,  1997;  Taglicht  and  Michaelis, 
1998;  Bauer  et  al.,  1999;  Schuller  and  Ruis, 
2002).  With  10  members,  the  PDR  family  is 
the  largest  of  these  subgroups  and,  to  date, 
there  have  been  a  total  of  seven  ABC  genes 
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directly  associated  with  modulation  of 
resistance  to  xenobiotics  in  S.  cerevisiae.  The 
focus  of  the  present  study  was  the  role  of  five 
of  the  PDR  genes  ( PDR5 ,  PDR10,  PDR12, 
PDR15  and  SNQ2 ).  PDR5  has  been  linked 
to  resistance  to  cycloheximide,  mycotoxins 
and  cerulenin,  and  has  been  found  to  trans¬ 
port  steroids  (Balzi  et  al.,  1994;  Bissinger 
and  Kuchler,  1994;  Hirata  et  al.,  1994; 
Kralli  et  al.,  1995;  Mahe  et  al.,  1996;  Bauer 
et  al.,  1999;  Schuller  and  Ruis,  2002).  A 
second  member  of  the  PDR  group,  SNQ2, 
has  been  linked  to  resistance  to  4- 
nitroquinoline-N-oxide  (4-NQO),  methyl- 
nitro-nitrosoguanidine  (MNNG)  and  metal 
ions  such  as  Na+,  Li+  and  Mn+  (Servos 
et  al.,  1993;  Miyahara  et  al.,  1996;  Bauer 
et  al.,  1999).  Yeast  cells  with  deletions 
in  SNQ2  and  PDR5  exhibit  a  more  pro¬ 
nounced  sensitivity  to  metal  ions  and  other 
drug  substrates  (Bauer  et  al.,  1999).  In  terms 
of  their  sequences,  PDR10  and  PDR15 
appear  closely  related  to  PDR5  (65% 
sequence  identity),  although  the  functional 
relatedness,  if  any,  of  these  genes  remains  to 
be  determined.  Interestingly,  both  PDR10 
and  PDR15,  like  PDR5  and  SNQ2,  have 
been  reported  to  localize  on  the  cell  surface 
(Bissinger  and  Kuchler,  1994;  Parle- 
McDermott  et  al.,  1996;  Egner  et  al.,  1998; 
Bauer  et  al.,  1999).  Like  PDR5,  SNQ2  has  a 
closely  related  homologue  (60%  identity), 
PDR12.  Expression  of  Pdrl2p  mediates 
resistance  to  weak  organic  acids,  including 
sorbate,  benzoate,  propionate,  acetate, 
and  fluorescein-like  compounds  (Parle- 
McDermott  et  al.,  1996;  Holyoak  et  al., 
1999).  PDR12  is  induced  by  exogenous 
weak-acid  stress,  and  to  a  lesser  extent,  by 
high  osmolarity  or  ethanol,  and  is  essential 
for  adaptive  growth  during  metabolic  stress 
(Ruis  and  Schuller,  1995;  Piper  etal.,  1998). 

MATERIALS  AND  METHODS 

Strains  and  Growth  Conditions 

The  strains  of  S.  cerevisiae  used  are  listed 
in  Table  1.  The  cells  were  grown  in  YPAD 


(yeast-peptone-adenine-dextrose)  liquid 
medium  or  on  YPAD  agar.  Deletion  of 
the  ABC  transporter  genes  PDR5,  SNQ2, 
PDR12,  PDR10  or  PDR15,  either  as  single 
or  multiple  gene  deletions,  did  not  alter 
the  normal  growth  of  the  yeasts  under  the 
conditions  used  in  these  experiments  (see 
Table  2). 

Gradient  Drug  Plates 

Gradient  plates,  which  contained  a  continu¬ 
ously  increasing  concentration  gradient  of 
drug  across  the  width  of  a  square  Petri  dish 
(see  Table  2),  were  made  by  adding  YPAD 
medium  containing  2%  agar  in  two  steps 
(Cunningham  et  al.,  1986;  Memisoglu  and 
Samson,  2000).  The  plates  were  inoculated 
with  a  yeast  strain  and  incubated  at  30°C 
for  48  h  before  the  extent  of  yeast  growth 
was  accessed  and  recorded  as  a  percentage 
of  that  seen  with  the  wild-type  strain 
(YPH499). 

Chloroquine-uptake  Assay 
The  assay  used  to  measure  uptake  of  quino¬ 
line-3-  [14C]  chloroquine  ([14C]chloroquine) 
was  based  on  that  employed  by  Krogstad  et 
al.  (1987),  to  measure  chloroquine  uptake  in 
P.  falciparum,  and  the  method,  for  measur¬ 
ing  Fe++  uptake  in  S.  cerevisiae,  described 
by  Eide  et  al.  (1992).  Exponentially-growing 
cells  were  pelleted  at  1000  xg  for  5  min 
at  4°C,  resuspended  in  approximately  1% 
of  the  original  culture  volume  of  YPAD 
medium,  and  kept  on  ice  until  use.  The 
[14C]  chloroquine  was  mixed  with  chilled 
YPAD  medium  to  give  a  concentration  of 
3  nM.  To  measure  uptake,  450  pi  of  this 
assay  solution  were  mixed  with  50  pi  of 
cell  suspension  and  incubated  at  30°C  for 
6-12  h.  Each  assay  culture  was  then  chilled 
on  ice,  vortexed,  vacuum-precipitated 
through  a  glass-fibre  filter  with  a  pore  size 
of  1 .2  pm  (GF/C;  Whatman)  and  washed 
with  10  ml  of  ice-cold,  double-distilled 
water.  The  cell-associated  [I4C]  chloroquine 
was  then  measured  on  an  LS5000TD 
liquid-scintillation  system  (Beckman).  The 
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levels  of  non-specific  uptake,  resulting  from 
cell-surface  adsorption,  were  determined  by 
preparing  parallel  assay  cultures  that  were 
incubated  on  ice,  not  at  30°C,  for  6-12  h. 

RESULTS  AND  DISCUSSION 

Compared  with  the  wild-type,  strains  of 
5.  cerevisiae  deficient  in  PDR5  are  known 
to  have  higher  sensitivity  to  cycloheximide 
(Egner  et  al.,  1998).  Therefore,  in  order  to 
validate  the  experimental  system  used  in  the 
present  study,  all  the  yeast  strains  employed 
were  tested  for  sensitivity  to  cycloheximide, 
using  the  gradient  agar-plate  assay.  All  the 
strains  deficient  in  PDR5  were  confirmed 
to  have  relatively  high  sensitivities  to 
cycloheximide  (Table  2). 

The  sensitivities  of  the  strains  to  chloro- 
quine,  mefloquine,  quinidine,  quinacrine 
and  quinine  were  then  explored  in  the  gradi¬ 
ent  assay  (Table  2).  On  a  linear  gradient  of 
chloroquine  from  0-197  mM,  yeast  strains 
deficient  in  PDR5  were  found  to  have 
increased  sensitivity  to  the  drug  (compared 
with  the  wild-type)  unless  they  had  the 
Apdr5IApdrl2  double  deletion.  Similarly, 
except  for  the  Apdr5/Apdrl2  double  deletion, 
deletion  of  PDR5  resulted  in  cells  with 
increased  (but  <  2-fold  higher)  sensitivity 
to  mefloquine  and  quinine.  Sensitivity  to 
quinacrine  and  quinidine  was  not  affected  by 
the  deletion  of  PDR5  alone,  although  cells 
deficient  in  PDR5,  PDR10  and  SNQ2  were 
found  to  be  more  sensitive  to  both  of  these 
drugs  in  the  gradient  assays,  indicating  a 
potential  overlap  in  substrate  specificities 
for  these  ABC  transporters. 

Since  ABC  transporters  have  been  impli¬ 
cated  in  drug  export,  yeast  strains  deficient 
in  ABC  transporters  were  investigated 
for  increased  drug  accumulation.  In  these 
experiments,  [14C]  chloroquine  accumula¬ 
tion  in  the  strains  YPH499  (wild-type)  and 
YHW1052  ( Apdr5/Apdrl0/Asnq2 )  increased 
over  time;  there  was  greater  accumulation, 
however,  by  the  PDR  deletion  mutant. 


YHW1052  [with  mean  (s.D.)  values  of  384.8 
(57.7)  fmoles/106  cells  for  YHW1052,  and 
260.0  (28.2)  fmoles/106  cells  for  YPH499]. 

Yeast  strains  deficient  in  the  ABC  trans¬ 
porter  gene  PDR5  therefore  have  increased 
sensitivity  to  the  quinoline  drug  chloroquine 
and  increased  accumulation  of  [14C]  chloro¬ 
quine.  Such  strains  also  have  increased 
sensitivity  to  mefloquine  and  quinine,  but 
not  to  quinacrine  and  quinidine.  The  asso¬ 
ciation  between  the  deletion  of  ABC  trans¬ 
porters  and  both  chloroquine  sensitivity 
and  increased  chloroquine  accumulation 
indicates  an  efflux-mediated  model  of 
chloroquine  resistance,  similar  to  that 
previously  demonstrated  for  PDR5  and 
cycloheximide  resistance  (Egner  etal.,  1998). 

A  somewhat  paradoxical  result  was 
observed,  in  the  present  study,  when  both 
PDRS  and  PDR12,  another  ABC  transporter 
responsive  to  weak-acid  stress,  were  deleted. 
The  double-knockout  mutant  (A pdrSI 
Apdrl2)  was  less  sensitive  to  chloroquine 
than  the  single  ApdrS  knockout.  Increased 
sensitivity  to  cycloheximide  was  observed 
in  this  strain,  similar  to  that  observed  in 
ther  ApdrS  strains,  which  indicates  that  drug 
sensitivity  is  not  generally  altered  in  the 
Apdr5/Apdrl2  strain.  The  decrease  in  sensi¬ 
tivity  to  chloroquine  may  indicate  an  indirect 
role  for  PDR12  in  responding  to  chloroquine 
stress  or  may  indicate  that  changes  in  vacu¬ 
olar  pH  are  associated  with  chloroquine 
action  in  5.  cerevisiae.  This  is  consistent  with 
previous  work  showing  that  chloroquine 
treatment  can  result  in  changes  in  vacuolar 
pH  (Pearce  et  al .,  1999). 

The  transcriptional  response  of  yeast 
strains  YP499  (wild-type)  and  YHW1052 
( ApdrS)  to  treatment  with  chloroquine  has 
already  been  investigated  (Nau  et  al.,  2000; 
Emerson  et  al.,  2002).  The  results  of  these 
experiments  indicated  no  appreciable  tran¬ 
scriptional  response  of  ABC  transporters 
in  these  yeast  strains.  These  findings  were 
somewhat  surprising  and  indicated  that  the 
protection  provided  by  ABC  transporters 
against  quinoline-ring  compounds  is  not 
modulated  at  the  transcriptional  level. 
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Taken  together,  the  present  data  indicate 
a  potential  role  for  the  Pdr5p  ABC  trans¬ 
porter  in  mediating  chloroquine  sensitivity  in 
S.  cerevisiae.  This  observation  is  consistent 
with  the  hypothesis  that  such  a  transporter 
plays  a  role  in  mediating  quinoline-drug 
resistance  in  P.  falciparum ,  and  complements 
the  results  of  previous  biochemical  and 
genetic  studies  on  the  parasite  (Reed  et  al. , 
2000).  Interestingly,  additional  gene  pro¬ 
duces)  also  play  a  major  role  in  mediating 
chloroquine  sensitivity  and  resistance,  appar¬ 
ently  through  the  modulation  of  vacuolar 
pH  in  the  parasite  (Fidock  etal.,  2000;  Ursos 
etal.,  2000,2001). 
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